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Outline

* Proton Spin Structure
* Gluon polarization of the RHIC Spin Program

* J/1 double longitudinal asymmetry (4, ) at forward
rapidity



Proton Spin Structure
"Spin Puzzle"

Decomposition of the Proton Spin
Manohar-Jaffe sum rule:

1 1
Sp=§=§AZ+AG+Lq+Lg

In 1980’s experiment by the European Muon
Collaboration (EMC) discovered that quarks
only carry a small portion of the proton spin.

Current knowledge from Polarized Deep
Inelastic Scattering (DIS) and Semi-inclusive
DIS (SIDIS) Measurements:

AY = ~30%
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Proton Spin Structure
"Spin Puzzle"
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Decomposition of the Proton Spin

Manohar-Jaffe suga=gule:

1 1
Sp - E — EAZ Lq + Lg
3

Focus on this part today

In 1980’s experiment by the European Muon
Collaboration (EMC) discovered that quarks
only carry a small portion of the proton spin.

Current knowledge from Polarized Deep
Inelastic Scattering (DIS) and Semi-inclusive
DIS (SIDIS) Measurements:

AY = ~30%
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RHIC Spin Program

Gluon polarization

2014 DSSV Global Fit

* Including 2009 RHIC data sets, the 2014
DSSV global fit suggests non zero
polarization of gluons in the proton at
intermediate x range (0.05~0.2).

* Yet at low x range, the errors of DSSV are
still poorly constrained

* Measurements from forward rapidity S0 incl 90% C.L. ariatons
- S e *
needed. 3 DSSV
L - - - DSSV
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RHIC Spin Program

World's only polarized proton collider
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Double Longitudinal Asymmetry ——

Theoretically:
A, = o —o"" _ Za,b,c=q,c_1,g Afa®Afb®A5'®Dh/c
ot + ot z:a,b,c=q,c7,g fa®fb®6—®Dh/c EE:I +
y -
Experimentally: A =

1 N**—RN™*-

0o = e
i

Where Py y is the polarization of Blue (Yellow) beam.

And R is the relative luminosity:

L++

R=L+—_
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RHIC Spin Program

Recent Longitudinal Runs

Polarized proton runs

500 ‘ _
— 250/255GeV | 2013 P=52%
PHENIX Recent Longitudinal Runs: = 450 [ === 100 Gev 3
= i _ |
TRV T TT T 2 400 [t
2003 200 0.35 27 0.0019 z 150 |
2004 200 0.12 40 0.0031 =
2005 200 3.4 a9 0.2 E 300 |
2006 200 7.5 57 0.79 =
2006 62.4 0.08 48 0.0042 *g 250 1
2009 500 10 40 0.26 2 200 Pt L
2009 200 14 57 1.4 3 - - -
2011 500 16.7 48 0.88 E 150 2012 P=52% e '
2012 510 30.03 52 22 2 T ]
2013 510 150 55 14 T 100 e
g 50
=
Figure of Merit: = 0
High polarization is essential for effective asymmetry g 2 . ¢ 8 w2kl
measurement: Time [weeks in physics]

Single Spin Asymmetry: L < P >2
Double Spin Asymmetry: L < P >*
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J/Y A;; @ forward rapidity

J/{ production at RHIC

At RHIC energies J /1 production is
dominated by gluon-gluon fusion.

The A;; for J/Y can be written (LO):

Ao
o

Ag(x1) Ag(x2)

A =T XD 9G2)

Haiwang Yu,

0.1+ » Phys. Rev. D56 (1997) 7341
0.01} T~
0.001}
0 100 200 300 400 500
VS (GeV)

gq to gg ratios of unpolarized (solid) and
polarized (dashed) processes
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http://arxiv.org/abs/hep-ph/9706541

J/Y A;; @ forward rapidity

Bjorken x range

Benefits of Forward Rapidity

e At forward rapidity the x distributions of I
the two gluons are at very different region T e DSSV*

* Instead of probing ~(Ag/g)? we are -0.2 __3
robin Ag(x1) Ag(x2) 10
PrOPINE "5 ) g(x)

* High-x gluon sits in the x-range where RHIC
Run9 data already has constraints on the
Ag

* Therefore, this forward J /Y » uTu= A,
gives sensitivity to possible sign change in
Ag and cleanly accesses down to x ~ 2 X
1073

L 1 L
-4 -3 -2 -1
L Ly L L Momentum Fraction1

from Pythia simulation
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J/Y A;; @ forward rapidity

Excited states feed-down

1.0 L
[)J)'\ )“".,L/ﬁ.._v\__.mxm
t phr X(3872)
ata—J :'*VJ l“])'l) ‘
. W Y(3770) /wtralJ DD*
Charmonium | b T
. . T AN
* Except for J/i's, excited charmonium states _ .4 i B
are also generated in RHIC p+p collisions 35 L ] % e/
n Xd /
* x. and ' feed-down forms a sizable portion I o/
/
*  Phys. Rev. D 85, 092004 (2012) I
- / /'/
)" overlaps with J /i F e | 1/
* Different calculating schemes gave different Ag so w / /
depends for each excited states (Phys. Rev. D L gre ] vy ey e

56, 7341 (1997))

* Good test bed for different aspects of NRQCD
factorization and scaling



J/Y A;; @ forward rapidity

Event and track selection

Inv. Mass of u* w’

* Vertex selection: |BBC_Z|<30 cm WA

 common PHENIX muon tracks quality g
cuts including: O sy :
* from same arm

* track matching between muon tracker and
identifier

* penetrating muon candidates cuts 0 .

* etc.
* RPC timing cut are applied to guarantee
J/W's are from the right bunch crossing

—_

Events/45MeV/c?

—_

5 5 55
M, [GeV/c]

-
-
4]
N
)
4]
w
w
4]
I
ol

utu” inv. mass spectrum after event and u track selection
sideband region is used to estimate background asymmetry
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J/Y A;; @ forward rapidity

measurement procedure

Outline

* Analyze south and north arm separately, and divide
data from each arm into 3 p; bins. So 6 subsets
total.

* Fit each subsets for 20 J/LIJ mass window and
background fraction "r"

e CBshape for J/{, Gaussian for '

*  Gaussian Process Regression (GPR) for background shape
* Sideband region is defined as M,,, € [1.5GeV,2.5GeV]
« Calculate AP in the 20 J/{ mass window

e Estimate the background asymmetry from a sideband
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Gaussian Process Regression (GPR) background
fraction extraction



J/Y A;; @ forward rapidity

recent results

pp > /b +X->ut +um +X

pp—>J/b+X->ut+um + X
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| JIPsi: |y] = 1.2-2.4 | = Ep—
SO - e -
0.151 < g4 |PHP@1s eV (2013)
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0.1 i
- ‘ 0.05[—
0.051 l )
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Summary & outlook

Including data from RHIC spin program, the recent DSSV global
analysis indicates non-zero AG for x larger than 0.05.

We measured the J /1 A;; for 200GeV and 510GeV at forward
rapidity which provides access to the small-x region (~10-3)

We encourage theory community to incorporate this data in
future NLO fits.

The J /1 cross-section measurement @ 510 GeV is undergoing.
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J /Y production vs. rapidity at 200GeV

Phys. Rev. Lett. 98:232002, 2007
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PHENIX 2013 pi0 A;; Measurement

H. Guragain, DIS 2015

-]
=~ 0.04

< T pp—=n®+X ' N
C lzntéosgﬁ-r;zgg%sé‘?aQ(PRDQ{Lmzoun PH><E NIX ° Data glves |arge|’
- @ 510 GeV: Run13 Preliminary -+ H i

I preliminary
T = asymmetry compared to
- O » previous results.

0.02— 200 GeV / 510 GeV: scale uncert. 4.8%/ 6.5%

b @ Also, Data favor larger
. A than the DSSV best
o fit predicts.

Here:
-0.01 XT . 2 pT
T T T eI T P T I, NG
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Star 2009 Inclusive Jet A;; Measurement

arXiv:1303.0543
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é +8.8% scale uncertainty é +8.8% scale uncertainty
-0.03 = from polarization not shown -0.03 = from polarization not shown
- - ——
§ T O I [ [ T [ [ y T e P [ o T TN P [
0'040 5 10 15 20 0'040 5 10 15 20

25 30 35 25 30 35
Particle Jet p_ [GeVic] Particle Jet p_ [GeV/c]

Haiwang Yu, CHARM 2015 20



PHENIX 2009 % A;; Measurement

arXiv:1402.6296.
- - 0.14
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J/Y A;; @ forward rapidity

Systematic uncertainty

* Background fraction "r", using different
fitting method:
* Gaussian Progress Regression
e Simulation driven
e Polynomial background etc.

* Different run clustering:

* Luminosity and trigger eff. based clustering
using mean shift algorithm

* Fill-by-fill clustering
e Sum all runs in one group

* Asymmetry from relative luminosity
measurement
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J /W A;; result for North and South Muon arm separately
result based on 2013 RHIC 500GeV p+p run data set
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Fill-by-Fill Fill-by-Fill
bunch shuffled Asym. " > bunch shuffled Asym. " >
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Run Clustering

Quantifying Stability
e Trigger: number of J/v candidates per
minimum bias trigger

e Vertex: ratio of BBC15 and BBC30

Clustering

e Mean Shift algorithm

e Estimates number of feature sets and
populations

e Use luminosity weighted average
polarization for subset asymmetries

More information

N; I ,/ Nppeso

0.52 0.53
N BBC'lﬁf N BB(C30

D. Comaniciu, V. Ramesh, and P. Meer. Mean shift: A robust approach towards feature
space analysis. IEEE Trans. on Pattern Analysis and Machine Intelligence, 24(5):603—619,

2002.
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Ground and excited state charmonium production in p+p

collisions at Vs=200 GeV

Phys. Rev. D 85, 092004 (2012)

VII. SUMMARY AND CONCLUSIONS

In conclusion, we have measured the yields of the three
most important charmonium states in p+p collisions at
Vs = 200 GeV, where gluon fusion is expected to be the
dominant production process. The rapidity dependence
of J/v supports the use of CTEQ6M to describe the
gluon distribution in protons. The inclusive J/v yield is
in agreement with current models which involve a initial
formation of colored charmonium states, as in the CEM
or the color octet states of the NRQCD models. The in-
clusive J /1 yield observed at midrapidity is composed of
9.6 +2.4% of ' decays and 32 + 9% of y. decays. This
result is in agreement with what was observed in other
experiments. Given the current large statistical uncer-
tainties, no conclusion can be made about collision en-
ergy or pr dependence of these fractions. Finally, this
J /1 cross section measurement and feed-down fractions
will play an important role in current studies of cold nu-
clear matter and the hot, dense matter formed in heavy
ion collisions.
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Systematics Uncertainty from run clustering
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background fraction "r"

Background Fractions (20)

| Arm0_Charge0_pT00_02 | Zndf=0.92
C 04 quw =3.135
C ©  North GPR (MuTr) ® North GPR (FVTX) > R i Sy = 0.180
- 2 Ny7| = 4.927e+04
L O  North GPR Corr. (MuTr) W North GPR Corr. (FVTX) = e N = 5.952e+04
L =} .
0.35 [ A North Simulation (MuTr) A North Simulation (FVTX) T2} 4 Njfw =3.761e+04
L - 10 B Nw. = 1.082e+03
= @é O South GPR (MuTr) ® South GPR (FVTX) _‘2 E 125 _ 0.293 + 0.003
0.3— [0 South GPR Corr. (MuTr) B South GPR Corr. (FVTX) g L SRR 13 - 0.378+ 0.003
C i . ) = 20 window: (2.776,3.495)
C @ A South Simulation (MuTr) A South Simulation (FVTX) w | 30 window: (2.597,3.674)
0.25H 3 3
C o 5 10
r 2 % g C
% J + :
B g° g R
r B : , A
0.15 {-} ' } 102 = .
SR R i = | :
- i o S ndl o -
0.1 @ #1 Eob 5 ..
0057\ | — ‘ ‘ 1 | 1 ‘ | | L1 | L1 “"I I | X | l | | | :\ 1.0 T 0 (L, 8 Wt
0 1 2 3 4 5 7 1.5 2 2.5 3 35 4 4.5 5 5
P, [GeV/c]

The extraction of "r" has been done using several methods: GPR for the
background, simulation driven, and the old fashion polynomial.

At the end, we took the GPR method as the central value and the difference as
one systematic error.
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background Asymmetry AZ¢ Estimation

side-band study North side-band study South
= 021 —— > 0.2
< r <
- ——=—— 1.5~2.5GeV - ———— 1.5~2.5GeV
0.15 0.15
- —=—— 1.5~2.0 GeV - —=—— 1.5~2.0 GeV
- ———— 2.0~25GeV C ——— 2.0~25GeV
0.1F 0.1F
0.051 ‘ 0.05-
0 [ 0
-0.05F -0.051 l
.0,1: -0.1:
.0,15: -0,15:
_O.ZOI\\I1\\I\2\\\I3\\I\4I\\\5\\I\BI\\\T\\\I8I\\\9\\\I10 .0_20 1 2 3 4 5 6 7 8 9 10
pT (GeV/c) pT (GeV/c)

* We try to justify there is no obvious mass dependence of the asymmetry of the side
band beyond the stat. err. can tell. So as we already assigned relatively large stat. err.
to the background asymmetry, we ignored the sys. err. from this estimation method.




if use this very conservative sys. err.
from side band estimation method:

Sorth
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Motivation

Gluon Polarization

For an A;; measurement to be meaning-
ful partonic level asymmetry must be re-
produced at NLO accuracy

A, for J/W production (LO)

Ao Ag(x) Ag(x)
o gla) g(x)

~ABE—rCC

AL = ®ar;

The production mechanism for the J/1
from the cc pair remains an open question

Bottom Line

e None of the models completely
describe the data

e Measurement of J/v cross section at
510 GeV is an important intermediate
data point in the production
mechanism search

J/

Color singlet diagrams for J/1) production
at LO (left) and from fragmentation (right)

Color octet diagrams for J /v production at
LO (left) and from fragmentation (right)

Haiwang Yu, CHARM 2015 32



New global Fitting
2014 DSSV Global Fit

* Including 2009 RHIC data sets, the 2014 DSSV global fit suggests non zero polarization of
gluons in the proton at intermediate x range (0.05~1).

* Yet at low x range, the errors of DSSV are still poorly constrained
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http://arxiv.org/abs/1404.4293

Recent Results
Global Fit: DSSV++

xAg ] 'r : 2
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Outlook:
e Large uncertainties remain in both the shape and integral of Ag(x)
e Unconstrained in the low x range where currently no data is available

e Improvements forthcoming from ALL measurements at 510 GeV and
forward rapidity
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Proton Spin Structure

"Spin Puzzle"

Decomposition of the Proton Spin
Manohar-Jaffe sum rule:

1
AZ +AG + Ly + L,

*=2732

In 1980’s experiment by the European Muon
Collaboration (EMC) discovered that quarks
only carry a small portion of the proton spin.

Current knowledge from Polarized Deep
Inelastic Scattering (DIS) and Semi-inclusive .
DIS (SIDIS) Measurements:
AY = ~30%

[x) dx

g

d
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RHIC Spin Program

World's only polarized proton collider
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